
UCRL-ID-145418

The Search for Meteorites
with Complex Exposure
Histories Among Ordinary
Chondrites with Low
3H EF~ N E Ratios

K.C. We~ton, K. Nishiizumi, M.W. Caffee

April 30, 2001

U.S. De ~artment of Energy

-- I--] ~-I Lawrence
] II I Livermore
[ [[ ] National

i ii i ~a~o~a’o~

Approved for public release; further dissemination unlimited



DISCLAIMER

This document was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor the University of California nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the United States
Government or the University of California. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or the University of California, and
shall not be used for advertising or product endorsement purposes.

This is a preprint of a paper intended for publication in a journal or proceedings. Since changes may be made before
publication, this preprint is made available with the understanding that it will not be cited or reproduced without the
permission of the author.

This report has been reproduced directly from the best available copy.

Available electronically at http://www.doe.gov/bridge

Available for a processing fee to U.S. Department of Energy
and its contractors in paper from

U.S. Department of Energy
Office of Scientific and Technical Information

P.O. Box 62
Oak Ridge, TN 37831-0062
Telephone: (865) 576-8401
Facsimile: (865) 576-5728

E-mail: reports @ adonis.osti.gov

Available for the sale to the public from
U.S. Department of Commerce

National Technical Information Service
5285 Port Royal Road
Springfield, VA 22161

Telephone: (800) 553-6847
Facsimile: (703) 605-6900

E-mail: orders @ntis.fedworld. gov
Online ordering: http://www.ntis.gov/ordering.htm

OR

Lawrence Livermore National Laboratory
Technical Information Department’s Digital Library

http://www.llnl.gov/tid/Library.html



THE SEARCH FOR METEORITES WITH COMPLEX EXPOSURE HISTORIES AMONG ORDINARy

CHONDRITES WITH LOW 3HEflINE RATIOS. K. C. Welten~’, K. Nishiizumi I and M. W. Caffee2, ISpace
Sciences Laboratory, University of California, Berkeley, CA 94720-7450, 2CAMS, Lawrence Livermore National
Laboratory, Livermore, CA 94550 (*e-mail: kcwelten@uclink4.berkeley.edu).

Introduction: In calculating cosmic-ray exposure
ages of meteorites it is generally assumed that the me-
teoroids were expelled from a shielded position within
their parent body and then experienced a single stage
exposure before colliding with Earth. The combina-
tion of noble gas and radionuclide measurements in
several large meteorites, such as Jilin and Bur Ghelaui,
have revealed complex exposure histories: i.e. an ini-
tial exposure on the surface of an asteroid (or within 
meter-sized meteoroid), followed by a second exposure
as a smaller object. In fact, orbital dynamics calcula-
tions predicted that at least 30% of the meteorites ar-
riving on Earth experienced two- or multiple-stage
exposure histories [1]. More recently, after the recog-
nition that the Yarkovsky effect plays an important
role in delivering meteorites from the asteroid belt to
Earth-crossing orbits, it was confirmed that complex
exposure histories should be common [2]. Neverthe-
less, despite the ability to measure a wide range of ra-
dionuclides with accelerator mass spectrometry
(AMS), only a few meteorites with complex exposure
histories have been identified [e.g. 3,4]. The question
is whether the relatively paucity of complex exposure
histories is real or have we simply overlooked com-
plex-exposure histories. In this work we focus on me-
teorites with low 3Hefl~Ne ratios, since it is known that
most meteorites with complex exposure histories have
relatively low 3He,PINe ratios, i.e. the 3Hefl~Ne ratio is
below the ’Bern-line’. Several hypotheses have been
suggested for these low 3Hefl~Ne ratios, including solar
heating in low-perihelion orbits, shock-related diffu-
sion of He during the collision that ejected the meteor-
oid, or an artifact of high shielding condtions [4]. The
first two hypotheses seem to be supported bv low ra
diogenlc 4He concentrations in samples vath low 3He,
whereas Monte Carlo calculations have shown that
some of the low 3HefllNe ratios may be due to high
shielding conditions in objects with radii > I m [5].

To elucidate these issues, we selected 15 samples
with known noble gas concentrations [6] for radionu-
elide studies and obtained aliquots of the samples adja-
cent to those measured for noble gases. The specific
goal is the identification of complex exposure histories
among samples having low 3HefltNe ratios. All sam-
ples have 3He deficiencies of >20% relative to the
’Bern-line’ (Table 1). Most of the selected samples
also have low 22NefllNe ratios (<1.I), indicative 
high shielding during most of their cosmic-ray expo-

sure (Table 1), whereas one sample (Suizhou) was 
lected because of its relatively low 8~ Kr concentration
[7]. In addition, we selected QUE 93021, for which
initial radionuclide results suggested a short exposure
age. Here we present cosmogenic l°Be, 26Ai and 36C1
in stone and metal fractions for the 16 ordinary chon-
drites listed in Table 1.

Experimental procedures: Samples of 0.5-1.5 g
were gently crushed in an agate mortar and metal was
separated with a magnet. The metal was cleaned in a
ultrasonic bath with 0.2N HC1 and concentrated HF to
remove attached troilite and silicates, respectively.
Procedures for sample dissolution and chemical sepa-
rations of 1°Be, 26AI and 36C1 were described previously
[8]. All radionuclide concentrations were measured by
AMS at the Lawrence Livermore National Laboratory.

Results and Discussion: Results are listed in Table
1. We use two criteria to determine whether or not the
radionuelide and noble gas concentrations are consis-
tent with a simple exposure history:

1) Samples with l°Be concentrations below 20
dpm/kg in the stone fraction are candidates for com-
plex exposure, unless they have a short 2tNe exposure
age or show signs of high or low shielding conditions.
Low ~°Be values in Enshi, Erofeevka, Pantar and Seres
are due to short exposure ages, whereas low ’°Be val-
ues in Kaffir(b) and Long Island coincide with high

J°Be(sto)/t°Be(met) ratios indicating high shielding.
The low 1°Be value in Nantong on the other hand is
due to low shielding conditions. This leaves QUE
93021 as the only obvious case of a complex exposure
history, since its low I°Be cannot be explained by any
of the above. From the radionuclide concentrations in
the metal phase of QUE 93021 we estimate a second-
stage exposure <2.5 Myr.

2) We calculated J°BefllNe exposure ages accord-
ing to Graf [9]. Some of these ages are up to 80%
higher than the 21Ne exposure ages calculated using the
formalism of Eugster [7]. This is mainly due to the
selection of samples with 22NefllNe ratios <1.1, in-
dicative of high shielding conditions, for which the
Eugster formalism is known to underestimate exposure
ages. Figure 1 shows that for samples with average
shielding conditions (1. l<22NeflINe<l.2), the two ages
generally agree within 20%, whereas the difference
increases towards lower 22NeflINe ratios. However,
two samples clearly stand out from this general trend:
the ~°BefllNe ages of QUE 93021 and Seres indicate
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higher shielding conditions than their nNeflINe ratios
do. This suggests a complex exposure history with
high shielding in the first stage and a second stage
short enough (<3 My) so that the ’°Be still reflects the
higher shielding conditions of the first stage, whereas
the 22Ne/21Ne ratio is intermediate between the first and
second stage. The complex exposure history of QUE
93021 was already obvious from its low l°Be concen-
trations, but for Seres the situation is less clear-cut.
The 21Ne exposure age of ,,,0.7 Myr corresponds to
reasonable ’°Be and 26A1 saturation values of 23 and 72
dpm/kg in the stone fraction, but is not consistent with
the I°Be and 36C1 concentrations in the metal. A higher
exposure age of ~1.0 My is consistent with t°Be and
36C1, but not with 26A1 in the metal. In a complex ex-
posure history scenario, we estimate a second-stage
exposure time <0.5 Myr from the concentration of ~C1
in the metal phase.

Conclusions: For a total of 15 ordinary chondrites
with low 3He/2tNe ratios, we only found one or two
cases of complex exposure histories, whereas all other
samples are consistent with simple exposure histories.
So, even for samples that were selected because they
are believed to give a higher probability to find com-
plex exposure histories, we find only ~10% of the
samples to have two-stage exposure histories. Future
measurements of 4tCa in stone and metal fractions may
aid in constraining the exposure histories of Seres and
QUE 93021.
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Fig. 1. The comparison of ~°Be~lNe ages according to Graf
[9] with simple 2 Ne exposure ages according to Eugster [7]
clearly shows complex exposure histories for Seres and QUE
93021.

Table i. Nobe ~as data and cosmo~enic radionuclide results in ordinary chondrites with low 3He/21Ne ratios.
Sample Class 3He/ 22Ne/ 21Ne J°Be [dpm/kg] ~AI [dpm/kg] 36C1 T(exp) T(exp)

UNe 2’Ne stone metal stone metal metal 2tNe 2tN~°Be

Ambanur Na~la H5 1.8 1.09 3.89 20.9"2"0.45.04i-0.1058.4+1.4 3.84i-0.1022.6i’0.3 11.5 15.4
Changxinl~* H5 3.0 1.14 1.41 21.0-1"0.24.82i-0.0771.6-I-1.53.71i-0.2322.6~:0.4 5.1 5.0
Densmore(1950)*H6 2.3 1.07 3.18 20.7:[-0.43.62i’0.10 65.4+1.6 2.3i-0.3 15.6i-0.4 8.5 10.8
Enshi H5 4.1 1.17 0.88 17.5i-0.24.25i-0.0674.3+1.9 3.98i-0.1122.82-0.5 3.6 3.4
Erofeevka* H4 1.3 1.07 1.20 17.3i-0.2 59.4+1.6 3.2 4.7
Kaffir(b)* H4 1.0 1.07 1.94 16.0!-0.32.29-2-0.0555.1+1.3 i.65-20.0613.1i-0.2 5.0 8.8
Kaptal-Aryk L6 2.7 1.12 19.1 20.4i-0.2 56.6+1.4 60.8 70.3
Laoehenzhen H5 2.4 1.07 14.2 25.4!-0.5 4.59-2-0.0977.4+1.6 3.57i,0.1123.2i-0.3 38.4 43.3
Lon~ Island* L6 2.4 1.06 8.33 19.3i-0.43.34:1:0.0763.8+1.8 3.02i-0.1619.7i-0.5 19.1 31A
Nanton~ H6 2.7 1.20 6.15 17.9-2-0.25.88i-0.0750.9-.t:1.14.25:£0.1423.3i-0.3 27.5 29.0
Nikolaevka H4 i.5 1.11 5.71 20.4:~.4 54.8+1.6 18.3 20.1
Pantar H5 3.4 1.09 1.14 19.0-2-0.22.99!-0.0577.2+1.2 2.46i-0.1118.8!’0.4 3.4 4.4
Seres H4 1.0 1.12 0.21 6.4i-0.1 1.11i~0.0335.9-20.71.65i-0.0514.2i-0.2 0.7 1.1
Slavetic H4 3.1 1.07 2.33 22.4i-0.5 3.57i-0.0777.6+1.9 2.992-0.1020.2:L-0.6 6.2 8.5
Suizhou L6 4.8 i.09 10.3 23.9-20.35.47i-0.08 70.8+1.5 3.78i-0.1423.0i0.6 27.2 39.5
QUE93021 L5 2.0 !.14 2.49 14.3i-0.33.36:1--0.0444.0-1:1.12.91:£0.1017.5i-0.3 8.5 13.6
*Finds, all other samples are falls. Noble gas data in non-Antarctic samples are from [6], those in QUE 93021 from this work. Cosmogenic~’Ne
concentrations are given in 10"8 em3 STP/g, ~CI concentrations in dpm/g, and 2’Ne and 21Ne/I°Be expsoure ages in Myr.
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